Vertebrate eggs are surrounded by an egg coat, which is a specific extracellular egg matrix consisting of several glycoproteins with a conserved zona pellucida (ZP) domain. Two mammalian egg coat subunits, ZP2 and ZP3, have been suggested to act as sperm receptors. In bird eggs, however, ZP2 has never been identified in the egg coat of mature oocytes and ovulated eggs. Here we report that chicken ZP2 is expressed in immature small follicles and remains as an egg-coat component locally in the germinal disc region of mature eggs. RT-PCR analysis indicated marked expression of the ZP2 and ZP4 genes in the granulosa cells of immature white follicles, whereas the ZP3 and ZPD genes showed marked expression in the cells of maturing yellow follicles. ZP2 was identified in the egg coat isolated from immature follicles as a heavily Nglycosylated glycoprotein of ;200 kDa, which was enzymatically converted to a 70-kDa deglycosylated form. Immunoblotting and immunohistological analyses showed that ZP2 was localized around the germinal disc region of mature follicles. ZP2 was accumulated in the egg coat of immature white follicles at the earlier stages of oocyte development and became a minor component in the egg coat of maturing yellow follicles, except for the germinal disc region. Localization of ZP2 in the germinal disc region of mature eggs, where sperm bind to the egg coat at high density, suggests some role for ZP2 in the preferential binding and penetration of sperm in the germinal disc region of bird eggs.
INTRODUCTION
Vertebrate eggs and early embryos are surrounded by characteristic extracellular matrix materials, which have been given class-specific names, such as the vitelline coat (chorion) of fish, the inner vitelline membrane of birds, and the zona pellucida (ZP) of mammals. Nevertheless, the microstructural features of these egg extracellular matrix materials are similar, that is, they are net-like structures made of entwined fibrous protein complexes comprising only glycoproteins bearing a conserved ZP domain. In human eggs, four members of the ZP glycoprotein family (ZP1-ZP4) have been identified [1] , whereas mouse eggs have three (ZP1-ZP3) [2] . The amino acid sequences suggest that ZP1 and ZP4 are more closely related proteins, consisting of the conserved ZP domain preceded by a trefoil (P-type) domain and an additional cysteine-rich domain at the N terminus. In mammals, ZP3 is regarded as the primary receptor for acrosome-intact sperm [3] , whereas ZP2 is the second receptor for acrosome-reacted sperm [4] . Deglycosylation of ZP3 N-glycans and/or limited proteolysis of ZP2 by respective egg cortical granule-derived enzymes are thought to induce overall conformational changes in the ZP matrix, resulting in its functional loss upon sperm binding [5, 6] .
Similar to mammalian eggs, bird eggs are enveloped in a matrix consisting of ZP1, ZP2, ZP3, and ZP4, although ZPD is additionally present [7] [8] [9] [10] [11] [12] [13] . These ZP glycoproteins, except for ZP1 produced in the liver [7] , are expressed in the ovarian follicles, oocytes, or granulosa cells of laying female birds. The major components of the egg coat surrounding mature eggs are ZP1, ZP3, and ZPD, whereas ZP2 and ZP4 are present below detectable levels. Monomer and disulfide-dimer forms of ZP1 as well as ZP3 can be solubilized from the chicken egg coat matrix with urea solution without reducing agents, whereas ZPD can be released from the matrix only by ultrasonication without urea [10] , suggesting that the chicken egg coat is formed mainly by ZP1-ZP3 complexes. Previous in vitro experiments using ejaculated chicken sperm have shown that the ZP1 disulfide-dimer form and ZPD induce the spermacrosome reaction [10] and that ZP3 binds to the tip of the sperm head in an O-glycan-dependent manner [14] . Two previous studies have shown that in the Japanese quail, ZP2 [11] and ZP4 [12] are synthesized in immature (pre-vitelline, pre-yolk deposition) oocytes. In the same species, a histological study has lent support to the presence of ZP2 and ZP4 in the egg-coat matrix of immature white follicles but not in the mature yellow follicles [13] . However, the fate of immature follicle-specific ZP2 and ZP4 during oocyte development in birds remains largely unknown.
Unlike mammalian eggs, bird eggs grow rapidly from a small pre-vitelline oocyte to very large oocyte during the last several days before ovulation due to rapid accumulation of egg yolk as the future nutrient for the embryo. Like fish eggs, but unlike mammalian eggs, therefore, bird eggs are telolecithal and have a morphologically distinguishable area termed the germinal disc at one end (the animal pole) of the egg. The germinal disc of the chicken egg is a small disc-shaped area approximately 3 mm in diameter on the surface of the animal pole. In the germinal disc region, the haploid female pronucleus, cell organelles, and many vesicular structures (vacuoles) have been detected in the egg plasma by microstructural analysis [15, 16] . The egg plasma membrane (oolemma) is rich in microvilli and cytoplasmic processes only in the germinal disc region [15] . In contrast to these wellknown microstructures of the egg (egg plasma and oolemma), the egg coat surrounding the germinal disc region remains to be characterized. Earlier studies of in vitro fertilization using ovulated chicken eggs and ejaculated sperm showed that eggs were ruptured in the germinal disc region during in vitro incubation with sperm [17] [18] [19] and that the number of sperm binding to the egg surface was higher around the germinal disc region than in any other area [19] . Moreover, a later study of in vitro sperm binding to eggs, using an isolated egg coat preparation, demonstrated that sperm preferentially bound to and degraded the egg coat overlying the germinal disc region in comparison with egg coat specimens prepared from other areas [19, 20] . Such preferential sperm binding and penetration in the germinal disc region, where the female pronucleus is located below the surface, would seem logical for the subsequent steps of fertilization. However, it is still unknown how sperm preferentially bind to and penetrate the egg coat in the germinal disc region.
We have previously cloned cDNAs encoding chicken ZP3 (accession no. NM_204389) [9] and ZPD (accession no. NM_213576) [10] , and later cDNA clones for chicken ZP2 (accession no. AB197938) and ZP4 (accession no. AB025428) were obtained and deposited in the DNA Data Bank of Japan (DDBJ) database. In the present study, we attempted to obtain an overall picture of these ZP glycoproteins, with a focus on the minor components ZP2 and ZP4, their expression in ovarian follicles, and their incorporation into the egg-coat matrix during follicular development in the ovary of the laying hen.
MATERIALS AND METHODS

cDNA Cloning
Full-length chicken ZP2 and ZP4 cDNA clones were obtained from an immature white follicle cDNA pool by PCR amplification using degenerate primers and subsequent extension using the 3 0 and 5 0 rapid amplification of cDNA ends (RACE) method, as described previously [10] . Both cDNA sequences had been originally registered as ZPA (accession no. AB197938) and ZPB (accession no. AB025428).
Antibodies
Mouse polyclonal antisera specific for recombinant chicken ZP2 and ZP4 were raised against a ZP2 fragment (from Arg 54 to Glu
327
) and a ZP4 fragment (from Ser  31 to Ala   153 ), respectively, expressed as a fusion protein with glutathione S-transferase (GST) using a pGEX-5X-2 vector (GE Healthcare). Affinity-purified recombinant GST-fusion ZP proteins (20;50 lg per mouse) were injected intraperitoneally into mice (ddY; Japan SLC) with Freund's adjuvant 3 times at intervals of 2 weeks. Blood was collected 7 days after the last injection, and serum was separated after blood clotting and stored at À308C before use. The titer and specificity of the antiserum against each ZP protein were confirmed by ELISA and immunoblotting, using authentic ZP proteins from chicken egg coat. A mouse monoclonal antibody against chicken ZP1 (code 8E1) [21] and mouse polyclonal antisera against recombinant chicken ZP3 [21] and ZPD [10] were prepared as described previously. A horseradish peroxidase (HRP)-conjugated horse antibody against mouse immunoglobulin G (IgG; Cell Signaling Technology), a fluorescein isothiocyanate (FITC)-conjugated goat antibody against mouse IgG (Cappel Laboratories), and an Alexa Fluor 488-conjugated goat antibody against mouse IgG (Molecular Probes) were obtained commercially. All of the animal procedures were performed according to the guidelines for the care and use of experimental animals of Nagoya University. The animal protocols were approved by the committee of institutional animal care and use.
Preparation of Ovarian Follicles, Granulosa Cells, and Egg Coat
Ovarian follicles were prepared from laying White Leghorn hens as described previously [9] . Granulosa cell layers, composed of the egg coat (termed the perivitelline layer), the granulosa cells, and the basal lamina, were prepared from white and yellow follicles as described previously [10] . The egg coat was separated from the granulosa cell layer by gentle shaking in 150 mM NaCl containing 50 mM EDTA and collected with forceps under a microscope. The residual granulosa cells freed from the egg coat were collected from the dish, seeded on a collagen-coated coverslip in a 6-well plate with Dulbecco modified Eagle medium containing 10% fetal bovine serum, and incubated for cell adhesion in a CO 2 incubator for 24 h. The egg coat of laid eggs was separated from the yolk mechanically with forceps and washed with 150 mM NaCl by gentle shaking.
RNA Preparation and RT-PCR
Total RNA from chicken tissues was prepared using TRIzol reagent (Invitrogen). Using equal amounts of the RNA preparation, we synthesized the first-strand cDNA pool with Superscript II reverse transcriptase (Invitrogen) and an oligo(dT) primer in accordance with the manufacturer's instructions. cDNA fragments for each of the chicken ZP glycoproteins were amplified for 30 cycles, except for ZP3 (25 cycles), with gene-specific primer sets as shown in Supplemental Figure S1 (supplemental data are available online at www. biolreprod.org). The PCR products were separated in 1% agarose gel and stained with ethidium bromide (EtBr) to visualize the bands under ultraviolet light.
DNA Blotting
The amplified cDNA fragments of ZP2 (636 base pairs [bp]), ZP3 (1391 bp), ZP4 (1675 bp), and ZPD (1440 bp) were subcloned into the pTargeT vector (Promega) or the pGEM-T Easy vector (Promega). The insert DNA fragments produced by treatment with EcoRI (TaKaRa) were isolated from the plasmid DNA by agarose gel electrophoresis, followed by extraction and purification using QIAEXII gel extraction kit (Qiagen). These cDNA fragments were labeled with digoxigenin (DIG) using a DIG DNA labeling kit (Roche) in accordance with the manufacturer's instructions. PCR products described above were separated in 1% agarose gels and transferred to nylon membranes (HybondN; GE Healthcare), which were then hybridized with DIG-labeled cDNA probes. Detection of the hybridized probes was performed using a DIG nucleic acid detection kit (Roche) and CDP-Star (New England BioLabs) in accordance with the manufacturers' instructions.
Electrophoresis and Immunoblotting
SDS-PAGE and immunoblotting for ZP glycoproteins were performed as described previously [22] . Briefly, egg coat samples were solubilized with SDS-PAGE sample buffer or 6 M urea/0.2 M NaCl in 50 mM acetate buffer (pH 4.0). For glycosidase treatment, egg coat samples were solubilized with 1% SDS/1 M Tris-HCl, pH 8.6, followed by addition of 5% Nonidet P-40 or 6 M urea in 50 mM acetate buffer (pH 4.0) containing 0.2 M NaCl, followed by dialysis against 1 M Tris-HCl, pH 8.6, supplemented with 1% SDS and 5% Nonidet P-40. The solubilized egg coat samples were incubated with or without N-glycanase (500 mU/ml; TaKaRa) at 378C for 20 h. For detection of protein bands, the gels were stained with Coomassie Brilliant Blue (CBB; Sigma) R-250 or a Silver Stain II Kit (Wako).
Immunofluorescence Staining and Microscopy
Isolated egg-coat preparations or granulosa cells were fixed with 3% paraformaldehyde/phosphate-buffered saline (PBS), blocked with 2% BSA/ PBS, and incubated with the antibody specific for each ZP protein and subsequently with FITC-conjugated goat anti-mouse IgG or Alexa Fluor 488-conjugated goat anti-mouse IgG. For permeabilization, granulosa cells were incubated with 0.1% Triton X-100 for 30 min before blocking. Fluorescence images were obtained using an epifluorescence microscope (model BX60; Olympus) or a an Axioplan2 microscope (Zeiss) equipped with LSM5 NISHIO ET AL.
PASCAL laser scanning confocal optics (Zeiss) in multitrack mode [22] . ZAxis stacked images were produced using ImageJ software (U. S. National Institutes of Health; http://imagej.nih.gov/ij/).
RESULTS
Cloning of Chicken cDNA ZP2 and ZP4
Chicken cDNA ZP2 and ZP4 were cloned from immature white follicle mRNAs by RT-PCR, using degenerate primer sets with the 3 0 and 5 0 RACE method (Supplemental Figure  S1 ). These ZP2 and ZP4 cDNA sequences had originally been registered as ZPA (accession no. AB197938) and ZPB (accession no. AB025428), respectively, and were later revised to ZP2 (accession no. NM_001039098.1 [23] ) and ZP4 (accession no. NM_204879.1). The deduced amino acid sequence of ZP2 indicated a precursor protein with 695 amino acid residues that included the putative signal peptide of 21 amino acid residues, whereas that of ZP4 showed a precursor of 543 residues including 31 residues for the signal peptide (Supplemental Fig. S2 ). In one cDNA clone for ZP4, deletion of a 79-bp DNA segment was found. Comparison of the ZP4 cDNA sequences with that of a 1600-bp chicken ZP4 gene segment indicated that the deleted 79-bp segment corresponded to a single exon of the ZP4 gene (data not shown), suggesting that this short form of ZP4 is an alternative splice variant of ZP4 mRNA.
Tissue-Specific and Developmentally Regulated Expression of the Chicken ZP2 and ZP4 Genes
Expression of the ZP2 and ZP4 genes, as well as the ZP3 and ZPD genes, in various tissues of the laying hen was analyzed by RT-PCR with EtBr staining and DIG-labeled DNA hybridization (Fig. 1) . Amplified DNA fragments for the ZP2 and ZP4 gene transcripts, as well as those for ZP3 and ZPD, were detected predominantly in ovarian follicles. Both the ZP2 and ZP4 transcripts were clearly detectable in immature white follicles but only weakly detectable by EtBr staining in the granulosa cells of mature F1 follicles. By contrast, both the ZP3 and ZPD transcripts were detectable by EtBr staining in F1 follicle granulosa cells much more strongly than in immature white follicles. The 1300-bp band of ZP3 was detected weakly in spleen and more weakly in the other tissues tested. The 500-bp ZP2 band was also slightly detectable in spleen and liver. The 420-bp ZP4 band and a separate 340-bp band, the alternative splice variant of ZP4 described above, were detected in most of the tissues tested, especially in brain and spleen, in addition to white follicles. The 1300-bp ZPD band was also detected in liver and spleen, although weakly in the latter.
Developmentally regulated expression of the ZP2, ZP3, ZP4, and ZPD genes was analyzed by RT-PCR by using an equal amount of the RNA preparation from immature white follicles and the granulosa cell layer of maturing yellow follicles (Fig. 2, A and B) . The ZP2 and ZP4 DNA fragments were amplified most abundantly in the smallest immature follicle, and the band intensity of both DNA fragments gradually decreased as the follicles increased in size with oocyte development (Fig. 2B, a-e) . The ZP2 and ZP4 gene transcripts were also amplified from the RNA of granulosa cells in maturing yellow follicles ( Fig. 2B, F5 ;F1) at levels much weaker than those in immature white follicles. By contrast, in accordance with our previous results [9, 10] , both the ZP3 and ZPD gene transcripts were markedly amplified from the RNA of granulosa cells in maturing yellow follicles in comparison with that from immature white follicles. All of the RNA preparations tested showed an amplified b-actin DNA (160-bp) band with almost the same intensity.
To identify cells responsible for expression of the ZP2 and ZP4 genes in immature white follicles, the granulosa cell layer was microsurgically separated from thecal tissue of about 20 white follicles ( Fig. 2A, b-d ) and the cell layer and thecal tissue were pooled separately for RNA extraction. The granulosa cell layer showed positive DNA amplification of both the ZP2 and ZP4 transcripts comparable to that of whole follicles. By contrast, thecal tissue yielded a weaker ZP2 band and almost no ZP4 band (Fig. 2C) .
Identification of ZP2 and ZP4 Glycoproteins in the Egg Coat of Immature White Follicles
The egg coat was separated from the granulosa cell layers isolated from immature white follicles, lysed, and subjected to SDS-PAGE and immunoblotting for ZP2 and ZP4 (Fig. 3) . The immunoblotting for ZP2 showed a broad smear with molecular masses above 100 kDa, resembling heavily glycosylated mammalian ZP glycoproteins. After enzymatic deglycosylation, the high-molecular-mass smear shifted to a 70-kDa band, in agreement with the theoretical molecular mass of ZP2 mature polypeptide (674 residues). ZP2 was solubilized from
Tissue-specific expression of the ZP2, ZP3, ZP4, and ZPD genes in laying hens as analyzed by RT-PCR. Total RNA was prepared from each tissue sample from a laying hen, and cDNA fragments were amplified using RT-PCR. Tissue samples were prepared from laying hens. Whole tissue from immature white follicles was used for RNA preparation, whereas for yellow maturing follicles, the isolated granulosa cell layer was used. The ZP3 DNA fragment was amplified by 25 cycles of PCR, whereas DNAs for the other three ZPs were subjected to 30 cycles. Amplified DNA fragments were visualized by EtBr staining of the gel, and DNA hybridization of membrane blots (Blot) was visualized using DIG-labeled cDNA probes. Note that some additional DNA fragments were detectable in the DNA hybridization because of the sensitivity of the hybridization method, which was higher than that of the standard EtBr-staining of DNA fragments.
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the egg coat of immature white follicles with urea solution in the absence of reducing agents. Removal of urea by dialysis led to aggregation of a small proportion of the solubilized ZP2 protein, although a large proportion remained soluble. On the other hand, immunoblotting using anti-ZP4 antibody identified a weakly detected 59-kDa band, which agreed with the theoretical molecular mass of the ZP4 mature polypeptide (512 residues) in the solubilized egg coat from immature white follicles.
Egg coat preparations from immature white follicles and maturing yellow follicles of oocytes at various developmental stages were solubilized with SDS-PAGE sample buffer, and a uniform quantity (wet weight) of each egg coat preparation was subjected to SDS-PAGE and immunoblotting using each of the specific antibodies against ZP1, ZP2, ZP3, ZP4, and ZPD (Fig.  4) . CBB-stained SDS-PAGE gel showed rapid accumulation of ZP1 and ZP3 in the egg coat matrix during the last several days of oocyte maturation and also indicated a much higher protein content of wet egg-coat preparations from yellow mature follicles relative to that of immature white follicles. Immunoblotting for each of the five ZP glycoproteins demonstrated that ZP1, ZP3 and ZPD gradually accumulated in the egg coat during the later stages of oocyte maturation, especially the last several days before ovulation, whereas ZP2 and ZP4 accumulated in the egg coat of immature white follicles at earlier stages of oocyte development and became almost undetectable in the egg coat of maturing yellow follicles. The accumulation of ZP2, ZP3, and ZP4 in the egg coat of immature white follicles was further analyzed by immunohistochemistry (Fig. 5A) . Immunofluorescence signal of ZP2 was clearly observed on the egg coat preparation from immature white follicles in the b class, and the ZP2 signal intensity ;) . B) RT-PCR using total RNA was performed under the same conditions as those described for Figure 1 . Whole tissue from immature white follicles (diameters a-e) was used for RNA preparation, whereas for yellow maturing follicles, isolated granulosa cell layer was used (diameters F4-F1). C) RT-PCR using total RNA was performed under the same conditions as those described for Figure 1 . Granulosa cell layers were microsurgically separated from thecal tissue of white follicles (sets b, c, and d), and then total RNA was prepared from each of the granulosa cell layers and thecal tissues pooled from approximately 20 follicles. RNA preparations from granulosa cell layer, thecal tissue, and whole follicles were then subjected to RT-PCR, followed by agarose gel electrophoresis.
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decreased with the increase in the size of white follicles. ZP2 was almost undetectable by immunostaining in the egg coat from yellow mature follicles in the F1 class, which was consistent with the results of immunoblotting (Fig. 4) . ZP3 and ZP4 immunofluorescence signals in the egg coat of small white follicles were considerably weaker than that of ZP2, although they appeared relatively positive in comparison with the isotype control. The anti-ZP protein antibodies used had been raised similarly against each of the recombinant GST fusion proteins. Therefore, the differences in the egg-coat immunofluorescence signals between ZP2 and ZP3 or ZP4, similarly to the specific staining for each ZP-protein band in the immunoblotting analysis, were ascribed to the specificity of the antibodies against each portion of the ZP-polypeptide.
Expression of ZP2 protein in granulosa cells of immature white follicles in the d class was examined by immunocytochemistry using isolated granulosa cells (Fig. 5B) . Patchy fluorescence signals were observed in the cytoplasm of granulosa cells stained with anti-ZP2, whereas much weaker signals were detected in the cells stained with anti-ZP3.
FIG. 3.
Immunochemical identification of ZP2 and ZP4 glycoproteins in the egg coat preparation from immature white follicles. A) Granulosa cell layers were separated microsurgically from thecal tissue of white follicles ( Fig. 2A, defined as diameter set b) and granulosa cells attached to the egg coat were removed mechanically as far as possible through a microscope. The egg coat preparations obtained were solubilized with a solution of 1% SDS/1 M TrisHCl, pH 8.6, followed by addition of 5% Nonidet P-40. Solubilized egg coat preparations were incubated with or without N-glycanase (500 mU/ml) at 378C for 20 h and then subjected to SDS-PAGE (8% acrylamide gel, CBB staining) and immunoblotting for ZP2. Another egg coat batch was solubilized with 6 M urea/0.2 M NaCl in 50 mM acetate buffer (pH 4.0) and separated by centrifugation (6 M urea). The resulting supernatant and precipitate were subjected to SDS-PAGE (7.5% or 5% acrylamide gel) followed by immunoblotting for ZP2. Part of the supernatant was dialyzed against ultrapure water (Type 1, Milli-Q water; Millipore) and analyzed similarly (by dialysis). B) The egg coat preparation from white follicles ( Fig. 2A , defined as diameter set b) was solubilized directly with SDS-PAGE sample buffer and subjected to SDS-PAGE (10% acrylamide gel, CBB staining) and immunoblotting for ZP4.
FIG. 4.
Developmentally regulated expression of ZP1, ZP2, ZP3, ZP4, and ZPD proteins in laying hens as analyzed by immunoblotting. Egg coat preparations from white follicles ( Fig. 2A, defined as diameter sets b, c, and d) and maturing yellow follicles ( Fig. 2A, diameter sets F5-F1) were solubilized with SDS-PAGE sample buffer. A) Aliquots equivalent to 1 mg (wet weight, CBB staining) were subjected to SDS-PAGE under reducing conditions (10% acrylamide gel, CBB staining). Note that the ZPD band overlapped that of ZP3 in SDS-PAGE under reducing conditions. B) Aliquots equivalent to 0.5 mg (wet weight, immunochemical detection of ZP1, ZP2, ZP3, and ZPD) and 2 mg (wet weight, immunochemical detection of ZP4) of each granulosa-cell layer preparation were subjected to immunoblotting using specific antibodies. *SDS-PAGE for ZPD immunoblotting was carried out under non-reducing conditions for better separation from ZP3, as described previously [10] .
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Identification of ZP2 Glycoprotein in the Germinal Disc Region of the Egg Coat from Mature Yellow Follicles and Laid Eggs
To clarify the location of ZP2 expressed at the later stages of oocyte development, egg coat pieces were isolated from the germinal disc region and several other parts of the yellow mature follicle and subjected to immunohistological analysis for ZP2 (Fig. 6) . Representative confocal Z-axis stacked images of ZP2 immunostaining showed that ZP2 was expressed predominantly in the egg coat germinal disc region of the yellow mature follicle but very weakly expressed in other regions of the egg coat, including the vegetal pole. In high-resolution representative X-Y-plane images of the germinal disc region of the egg coat, dull dot-like ZP2 signals were evident along the filamentous structures, which were observed in more detail in the differential interference contrast (DIC) images. On the other hand, only weak ZP2 signals were observed in the equatorial region, although the fibrous network structures were similarly evident in the DIC images of both regions. Much more intense fluorescence signals were observed for ZP1 in both the germinal disc and equatorial regions of the egg coat. DIC images showed that there were no remarkable differences between the network morphology of the egg coat matrices of the germinal disc and those of the equatorial regions.
The presence and localization of ZP2 in the germinal disc region were further analyzed biochemically (Fig. 7) . In both CBB-stained gels and immunoblot preparations, no marked differences between the contents of ZP1 and ZP3 from the germinal disc and those from equatorial regions were observed between the egg coat preparations. By contrast, the broad and weak smears of ZP2 corresponding to molecular masses above 100 kDa were detected more strongly in the germinal disc than Fig. 2A, diameter sets b and d) , and granulosa cells attached to the egg coat were removed mechanically as far as possible through a microscope. A control sample of egg coat from a mature yellow follicle was prepared as described previously [21] . Isolated egg coat preparations were fixed with 3% paraformaldehyde, incubated with each specific antibody (anti-ZP2, anti-ZP3, and anti-ZP4) and an isotype control (the non-specific monoclonal antibody 1C10), and subsequently with FITC-conjugated goat antibody against mouse IgG. Fluorescence images were obtained using an epifluorescence microscope (Olympus model BX60). Microscopic detection sensitivity was adjusted using the isotype control sample to provide a baseline level of fluorescence, and detection sensitivity was kept constant for observation of egg coat samples stained with each specific antibody. B) Granulosa cells isolated from d class white follicles (6-8 mm in diameter) were fixed with 3% paraformaldehyde, permeabilized with 0.1% Triton X-100, incubated with each specific antibody (anti-chZP2 and anti-chZP3), and subsequently treated with Alexa Fluor 488-conjugated goat anti-mouse IgG. Nuclei were visualized by TOTO-3 staining.
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in the equatorial region (Fig. 7A) . This relatively abundant distribution of ZP2 glycoprotein in the germinal disc region was demonstrated more clearly by immunoblotting analysis of deglycosylated samples. The ZP1 and ZP3 bands were shifted slightly downward by the deglycosylation treatment in samples from both the germinal disc and equatorial regions, although the ZP2 band was undetectable even by silver staining (Fig.  7B) . After the deglycosylation treatment, the 70-kDa ZP2 band was detected strongly by the specific antibody in the germinal disc region and weakly in the equatorial region. Based on these immunity-stained band intensities of the deglycosylated form of ZP2, the ZP2 content of the egg coat matrix around the germinal disc region appeared to be higher than that in other regions of the egg coat (Fig. 7C) . ZP1 and ZP3, as well as their deglycosylated forms, were detected to an almost equal degree in both the germinal disc and equatorial regions.
DISCUSSION
RT-PCR and subsequent DNA blotting showed that all four genes encoding chicken ZP glycoproteins were expressed predominantly in the ovarian follicle and slightly in some other tissues such as spleen and liver. ZP glycoprotein genes are expressed in the liver of most fish and in the ovary of mammals. In birds, standing evolutionarily between fish and mammals, some ZP glycoproteins (ZP4 and ZPD) may be synthesized partly in the liver and then transported to the ovary, as demonstrated previously for ZP1 [7] . The abundant expression of mRNA for ZP2 and ZP4 in granulosa cells of FIG. 6 . Immunohistological detection of ZP2 in an egg coat preparation from the germinal disc region of mature yellow follicles. A) Small pieces of egg coat were isolated from three parts (1-2 and 3) of a mature oocyte surrounded with the granulosa cell layer including the egg coat and basement membrane. After fixation, they were incubated with anti-ZP2 and subsequently with Alexa Fluor 488-conjugated goat anti-mouse IgG. Typical Z-axis stacked images (15 X-Y plane images) of the three regions are shown. B) Some pieces of egg coat preparation from the germinal disc and equatorial regions of a yellow mature follicle were incubated with anti-ZP2 and others with anti-chZP1 monoclonal antibody (8E1) as a control and subsequently with Alexa Fluor 488-conjugated goat anti-mouse IgG. Typical X-Y plane images are shown. Fluorescence and DIC images were obtained by using a confocal laser scanning microscope (LSM5 PASCAL model; Zeiss) as described previously [22] .
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immature white follicles contrasted with the high expression of mRNA for ZP3 and ZPD in granulosa cells of maturing yellow follicles. Because ZP4 is regarded as more closely related to ZP1 based on structural conservation, in the chicken egg coat, ZP4 may replace the function of ZP1 in formation of the egg coat matrix [24] of the immature oocyte, where ZP1 is not supplied via the bloodstream. On the other hand, the very weak expression of ZP2 mRNA in granulosa cells of the maturing yellow oocyte was surprising, as ZP2 has been considered to play an important role in the egg coat as a second sperm receptor [4] .
With regard to expression of ZP2 and ZP4 mRNA in immature white follicles, the band intensity of the RT-PCR amplification products for granulosa cells was comparable to that of white follicles as a whole, suggesting that the granulosa cell is one of the major cells responsible for ZP2 and ZP4 synthesis in immature white follicles. Expression of the ZP2 and ZP4 genes by follicular granulosa cells appears to be supported by the fact that the granulosa cell preparations we obtained were free of any mRNA derived from the oocyte, which had been ruptured before granulosa cell preparation. However, The dominant expression by granulosa cells does not completely rule out minor expression of ZP2 and ZP4 in the oocyte, as reported for Japanese quail ZP2 [11] and ZP4 [12] .
Immunoblotting using specific antibodies showed that the ZP2 and ZP4 proteins incorporated into the egg coat were detected mainly in immature white follicles, whereas ZP1, ZP3, and ZPD were present abundantly in mature yellow follicles. Moreover, immunohistochemical analysis also showed that ZP2 was present in the egg coat of immature white follicles, although the presence of ZP4 was unclear probably due to its much lower expression level compared with that of ZP2, as shown by immunoblotting (Figs. 3B and 4B ). Clear identification and localization of ZP4 in immature white follicles needs further study using antibodies with higher specificity and affinity. This contrasting distribution of the five ZP glycoproteins at different stages of follicular growth suggests that their functions as egg-coat components in immature follicles differ from those in mature follicles. Initially, we assumed that ZP2 and ZP4 would become undetectable as oocytes matured, because the compositional ratio of ZP2 or ZP4 decreased relative to that of the other major ZP components ZP1, ZP3, and ZPD. Later, however, some studies suggesting the important roles of ZP2 in mammalian fertilization [5, 25] prompted us to examine the distribution of ZP2 in the egg coat surrounding the huge oocytes in mature yellow follicles. Immunoblotting and immunofluorescence microscopy of egg coat fragments from several parts of the mature oocyte, including the germinal disc region, showed that ZP2 was present in the egg coat of mature oocytes but not evenly, and was localized predominantly in the germinal disc. ZP2 expressed in immature white follicles may remain in the germinal disc region during follicle growth, whereas ZP3 and ZPD from granulosa cells surrounding oocytes, as well as ZP1 from the liver, may form the matrix of the whole egg coat surrounding the much larger growing oocytes into which large amounts of egg yolk lipoproteins are transported and accumulate rapidly (Supplemental Fig. S3 ).
In the chicken, localization of ZP2 in the germinal disc region may be related to the high frequency of sperm penetration of the egg coat around the germinal disc upon fertilization [19, 20] , the mechanism for which has long remained uncertain. In fish eggs, there is a narrow canal, termed the micropyle, penetrating the egg coat near the animal pole, making it easier for sperm to penetrate [26] and thus ensuring that the sperm male pronucleus encounters the female pronucleus. The localized presence of sperm-attracting glycoproteins in the egg coat around the micropyle has recently been suggested based on observations that removal of glycoprotein from around the micropyle drastically reduced the fertilization
Immunochemical identification of ZP2 in the egg coat preparation from the germinal disc region of mature yellow follicles. A) Small pieces of egg coat isolated from the germinal disc region (G) and the equatorial plane (E) of a laid egg were solubilized with a solution of 6 M urea/0.2 M NaCl in 50 mM acetate buffer (pH 4.0) and subjected to SDS-PAGE (10% acrylamide gel) and immunoblotting for ZP1, ZP2, and ZP3 proteins. The CBB-stained gel, in which the bands of ZP1 and ZP3 are shown on the right, is shown for comparison. B) Small pieces of egg coat isolated from the germinal disc region (G) and the equatorial plane (E) of a laid egg were solubilized with 6 M urea in 50 mM/0.2 M NaCl acetate buffer (pH 4.0), followed by dialysis against 1 M Tris-HCl, pH 8.6, and supplemented with 1% SDS and 5% Nonidet P-40. The solubilized egg coat samples were incubated with or without N-glycanase (500 mU/ml) at 378C for 20 h and then subjected to SDS-PAGE (7.5% acrylamide gel, silver staining). C) The egg coat samples were incubated with or without N-glycanase and subjected to immunoblotting for ZP1, ZP2, and ZP3 proteins. The stained band positions of authentic and deglycosylated (deG) ZP glycoproteins are shown on the right of the lane for egg coat from immature white follicles (wf). The position of a weak ZP2 smear is marked with a vertical dotted line in the lane for the germinal disc region of the egg coat without N-glycanase treatment.
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rate [27] . In bird eggs, on the other hand, it has not yet been clarified how the site of sperm penetration is regulated to ensure contact with the female pronucleus within such a huge egg mass. Some unknown chemoattractant mechanism may ensure predominant sperm migration near the germinal disc region of chicken eggs, although no such components have yet been identified. A possible alternative mechanism for sitespecific penetration of sperm into bird eggs may be sitespecific localization of sperm receptor(s) on the egg coat. In this context, ZP2 may be one candidate responsible for preferential sperm penetration around the germinal disc. ZP2 localized in the germinal disc region may act as a second sperm receptor, as is the case in mammalian sperm-egg interaction [25] , thus contributing to sperm penetration of the egg coat matrix in the germinal disc region.
Two previous in vitro fertilization studies of sperm-egg coat (ZP) interactions in mouse showed that the acrosome reaction was induced during the passage of sperm through the cumulus cell layers [28] and that acrosome-reacted sperm recovered from the egg perivitelline space were able to bind to and penetrate the egg coat again [29] . Therefore, ZP2 as a receptor for acrosome-reacted sperm has attracted more attention than ZP3. In fact, a recent study of human sperm binding to transgenic mouse eggs bearing human ZP proteins indicated that human sperm did bind to and penetrate the egg coat of cumulus-enclosed eggs only when human ZP2 was present in the mouse egg coat [25] . It is noteworthy that bird eggs are ovulated alone without a granulosa cell layer [15] , which corresponds morphologically to mammalian cumulus. Therefore, chicken sperm are thought to interact directly with an ovulated cumulus-free egg in the oviduct. Based on our previous observations of chicken sperm-egg interaction, in addition to those of mammalian systems by other research groups, we assume that chicken sperm bind to ZP3 as the primary receptor [14] , induce their acrosome reaction through interaction with dimeric ZP1 and ZPD [10] , and subsequently interact with ZP2 as the secondary receptor in the germinal disc region of the egg coat.
Chicken ZP2 has five potential N-glycosylation sites in the N-terminal Cys-rich domain. In fact, chicken ZP2 is a heavily N-glycosylated protein of ;200 kDa, resembling mammalian ZP glycoproteins, and immunoblotting has shown that it becomes a 70-kDa protein when deglycosylated. The dense distribution of multiple N-glycan in the ZP2 N-terminal domain may play some role in the preferential binding of sperm to the germinal disc region of the chicken egg coat, although the possible involvement of carbohydrate moieties of ZP2 glycoprotein in the interaction with sperm needs further studies also of the O-glycans, which had been identified in the spermcombining site of chicken ZP3 [14] . Moreover, the -LSDEmotif resembling the post-fertilization ovastacin cleavage site (LADE) suggested in mammalian ZP2 [6] was also found to be conserved at the C-terminal site of the N-terminal domain in chicken ZP2. It remains uncertain whether this site is indeed cleaved and functionally significant during sperm binding to the zona matrix.
